The mechanism of adrenomedullin-induced prolactin release was investigated in prolactin-secreting human pituitary adenoma cells by intracellular calcium measurement and static incubation study. Adrenomedullin stimulated prolactin release in a concentration-dependent manner. The stimulation was dependent on extracellular sodium and voltage-gated calcium channels. PKA inhibitor attenuated adrenomedullin-induced prolactin release. The mechanism of adrenomedullin action was studied by fura 2-based intracellular calcium measurement. Adrenomedullin increased intracellular calcium concentration in these cells. The increase was dependent on extracellular sodium and voltage-gated calcium channels. PKA inhibitor attenuated the calcium response. These data indicate that adrenomedullin stimulates prolactin release by modulating calcium influx through voltage-gated calcium channels dependently on extracellular sodium. Mechanisms involving sodium-influx mediated depolarization may play a role in the stimulatory action.
ADRENOMEDULLIN was discovered as a vasoactive substance with potent hypotensive action [1, 2] . However, in human subjects, intravenous administration of adrenomedullin resulting in more than quadruple normal circulating concentrations did not change heart rate or systemic blood pressure, but increased prolactin concentration [3] [4] [5] . These suggest that the action of circulating adrenomedullin in human subjects is the stimulation of prolactin release from anterior pituitary. However, the mechanism of action of adrenomedullin on human prolactin-secreting cells has not been investigated.
Hormone release from anterior pituitary cells is regulated by the change of intracellular Ca 2+ concentration. It is known that anterior pituitary cells are excitable cells, and that intracellular Ca 2+ concentration is regulated by the Ca 2+ influx through the voltage-gated Ca 2+ channels [6] . Therefore, we investigated the effect of adrenomedullin on prolactin-secreting human pituitary cells by measuring intracellular calcium concentration to understand the mechanism of adrenomedullininduced prolactin release and its relation to calcium influx through voltage-gated calcium channels.
Materials and Methods

Drugs
Adrenomedullin (AM) was purchased from the Peptide Institute (Osaka, Japan). 8-bromoadenosine 3',5'cyclic monophosphate (8Br-cAMP) and nitrendipine were purchased from Sigma (St. Louis, MO, USA). N-[2-(p-bromocinnamylamino)ethyl]-5-isoquinoleinsulfonamide (H89) was purchased from Seikagaku Kogyo Co., Ltd. (Tokyo, Japan), and dispase from Godo Shusei Co., Ltd. (Tokyo, Japan). Fura 2/AM was purchased from Molecular Probes (Eugene, OR).
Cell preparation
Prolactin-secreting pituitary adenomas were obtained with informed consent from two patients by transsphenoidal surgery (patients 1 and 2). The use of human pituitary tissues resected during surgery as experimental materials is permitted by the Ethical Committee of University of Tokyo School of Medicine. Preoperative serum prolactin levels of these patients were 146 pg/ml in patient 1, and 224 pg/ml in patient 2. The excised adenoma tissues were minced into small pieces (<1 mm) and were digested with 1000 U/ml dispase. For investigating the hormonal release, cells were seeded on 24-well dishes at a density of 1 × 10 5 cells/well. For [Ca 2+ ] i measurements, cells were seeded on 22 mm round cover glasses and placed in 35 mm culture dishes. Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% heat-inactivated fetal calf serum (FCS), and kept in humidified air containing 5% CO 2 at 37°C. All experiments were carried out within 2 weeks after the preparation.
[Ca 2+ ] i measurement Cells were loaded with fura 2 by incubating with 2 mM fura 2/AM in Hanks' balanced salt solution containing 0.1% bovine serum albumin for 40 min at room temperature. Ca 2+ measurements were performed on a Nikon Diaphot microscope (Nikon, Tokyo, Japan). Each cell was excited at 340 nm and 380 nm alternately at a frequency of 100 Hz with CAM220 (Jasco, Tokyo, Japan). A band filter was used to monitor the fluorescent emission at 510 nm. The ratio Em 340 nm/ Em 380 nm was used as a relative index of [Ca 2+ ] i . The [Ca 2+ ] i traces shown in the figures were filtered with a bandwidth of 1 Hz in order to reduce the noise. The standard external solution was as follows (in mM): 128 NaCl, 5 KCl, 1 MgCl 2 , 2.5 CaCl 2 , and 10 HEPES (Na salt, pH 7.4). Na + -free external solution was made by replacing Na + of the standard external solution with isoosmotic TMA + . Other changes in the composition of the external solution are noted. A peristaltic pump was used to perfuse the external solution during the experiments. Agonists were applied by changing the external solution. Agonists were applied by changing the bath solution with a peristaltic pump. It took about 30 sec to change the bath solution.
Static incubation study
Adenoma cells cultured in 24-well dishes were washed twice with serum-free DMEM containing 0.1% BSA. They were incubated with the same medium containing various concentrations of adrenomedullin for 2 hr with or without 1 mM nitrendipine. Some cells were pretreated with 10 mM H89, a PKA inhibitor, for 10 min. After H89 pretreatment, cells were treated with or without 100 nM adrenomedullin for 2 hr. For the experiments using Na + -free extracellular solution, cells were incubated in Na + -free extracellular solution (see above) containing 100 mg/dl glucose with or without 100 nM adrenomedullin for 2 hr. After the incubation with various agents, the solution was collected and stored at -20°C until the hormonal assay. Prolactin was assayed using a radioimmunometric assay kit (Daiichi Radioisotope Laboratories, Tokyo, Japan).
Cell identification
At an early stage of the experiments, the cells were stained against human prolactin. Cells (n = 8) that showed membrane depolarization in response to adrenomedullin application (see below) were fixed by 2% formaldehyde in phosphate buffer and stained for human prolactin by using a human prolactin immunostaining kit (DAKO Co., Ltd., Glostrup, Denmark). All these cells stained positive for prolactin. In the subsequent experiments, data were obtained from cells which satisfied the criteria for pituitary adenoma cells obtained from our experience, which are round shaped cells with a diameter of 10-20 mm which have a smooth glittering surface under scanning light microscope. These characteristics were apparently different from those of the spindleshaped fibroblast-like cells that grew in the adenoma cell culture.
Results
Adrenomedullin-induced [Ca 2+ ] i increase
We investigated the effect of adrenomedullin on intracellular calcium concentration ([Ca 2+ ] i ). When adrenomedullin (10 nmol/L) was applied to the cells of adenoma 1, [Ca 2+ ] i increased gradually (Fig. 1A) . Washout of adrenomedullin recovered the [Ca 2+ ] i . Similar results were obtained in 7 other cells from adenoma 1 and 8 cells from adenoma 2. When external Ca 2+ was eliminated from the extracellular solution, basal [Ca 2+ ] i decreased slightly and adrenomedullininduced [Ca 2+ ] i increase was abolished ( Fig. 1B) (n = 8 in adenoma 1 and n = 8 in adenoma 2). Because human prolactin-secreting adenoma cells express voltage-gated calcium channels, the role of these channels on adrenomedullin-induced [Ca 2+ ] i response was examined. In the external solution containing nitrendipine (5 mmol/L), adrenomedullin failed to increase [Ca 2+ ] i (Fig. 1C , n = 8 in adenoma 1 and n = 8 in adenoma 2). Similar results were obtained with lower concentration of nitrendipine (1 mmol/L, n = 5 in adenoma 1, and n = 6 in adenoma 2). A summary of these experiments in adenoma 1 is plotted in Fig. 1D .
To see the role of external Na + on adrenomedullininduced [Ca 2+ ] i increase, the effect of adrenomedullin on [Ca 2+ ] i in Na + -free solution was examined. Applica-tion of adrenomedullin did not induce [Ca 2+ ] i in Na +free external solution ( Fig. 2A , n = 6 in adenoma 1 and n = 6 in adenoma 2). To eliminate the possibility that voltage-gated Na + channel is responsible for the abolishment of the [Ca 2+ ] i response, tetrodotoxin (TTX, 1 mmol/L) was added to the standard extracellular solution. Application of adrenomedullin increased [Ca 2+ ] i in the external solution containing TTX (Fig.  2B , n = 6 in adenoma 1 and n = 6 in adenoma 2).
To investigate the signal transduction mechanism of adrenomedullin-induced calcium response, the cells were pretreated with H89 (10 mmol/L for 30 min), an inhibitor of protein kinase A. Adrenomedullin did not increase [Ca 2+ ] i in these cell (Fig. 2C) . Similar results were obtained in 6 cells of adenoma 1 and 6 cells of adenoma 2. A summary of these experiments is plotted in Fig. 2D .
Static incubation study
The effect of adrenomedullin on prolactin release was investigated by static incubation experiment. 3 shows the prolactin release in 2 hr from primarycultured human prolactin-secreting adenoma cells (adenoma 1). Adrenomedullin stimulated prolactin release in a concentration-dependent manner. The minimal concentration required to induce significant prolactin release was 10 nmol/L. Both the basal release of prolactin and adrenomedullin-induced release were significantly attenuated by treatment with nitrendipine (1 mmol/L), a blocker of L-type voltage-gated Ca 2+ channels. When the extracellular solution was Na + -free, the basal release was significantly attenuated and adrenomedullin-induced release was totally abolished. On the other hand, the adrenomedullin-induced release was not abolished in external solution containing tetrodotoxin (1 mg/ml). Adrenomedullin-induced prolactin release was significantly attenuated by pretreatment with H89 (10 mmol/L for 30 min), a specific inhibitor of protein kinase A. These data indicate that adrenomedullininduced prolactin release is dependent on the Ca 2+ influx through L-type voltage-gated Ca 2+ channels and on external Na + . The data also indicates that PKA is involved in the adrenomedullin-induced prolactin release. Similar results were obtained in cells of adenoma 2.
Discussion
In the present study, adrenomedullin stimulated prolactin-release from human prolactin-releasing adenoma cells. Adrenomedullin increased calcium concentration in these cells dependently on L-type voltagegated calcium channels. Adrenomedullin-induced calcium response and prolactin release was both dependent on PKA activity.
In human GH-secreting cells, GHRH stimulate GH secretion by exciting the cells by PKA-dependent depolarization. GHRH-induced depolarization increases action potential firing and increases calcium influx through the voltage-gated calcium channels [8] . The PKA-induced depolarization is mediated through activation of a nonselective cation current primarily permeating extracellular sodium. The same mechanism mediates CRH-induced ACTH secretion in human ACTH-secreting adenoma cells [9] . Adrenomedullin induced calcium response and prolactin release were both dependent on PKA activity and external Na + . These suggest that adrenomedullin-induced excitation through the activation of a nonselective cation channels is the basic mechanism of action of adrenomedullin action in these cells.
It is not known whether the stimulation of prolactin secretion by adrenomedullin is a physiological phenomenon or pharmacological phenomenon. Adrenomedullin is expressed at hypothalamus [3] but immunohistochemical studies in rodents do not show the presence of adrenomedullin in the external zone of median eminence, suggesting that hypothalamic regulation of prolactin release by adrenomedullin may not Fig. 3 . Adrenomedullin-induced prolactin secretion from cells of adenoma 1. "Cont" indicates control external medium, "AM", external medium with adrenomedullin of indicated concentrations in mol/L, "NIT", external medium containing 1 mmol/L nitrendipine and "NIT + AM", external medium containing 1 mmol/L nitrendipine and 10 nmol/L adrenomedullin, respectively. "H89" prolactin secretion from cells pretreated with 10 mmol/L H89 for 30 min, "H89 + AM" prolactin secretion by 10 nmol/L adrenomedullin in cells pretreated with H89, respectively. "0Na", Na + -free external solution, "0Na + AM" Na + -free external solution with 10 nmol/L adrenomedullin, respectively. "TTX", external solution containing 1 mmol/L TTX, "TTX + AM" external solution containing 1 mmol/L TTX and 10 nmol/L adrenomedullin, respectively. Data are shown as mean ± S.D. of data from four wells. Bars indicate 1 SD. The data were analyzed by one-way ANOVA and found to be significantly different (p<0.01); the difference between each pair was analyzed by post-test (Tukey). * indicates significantly different (P<0.05) from control. NS indicates not singnficantly different. There was a significant linear trend (p<0.01) in prolactin release by increasing doses of adrenomedullin with post-test for linear trend.
be operative [10] . Adrenomedullin immunoreactivity is present in anterior pituitary [11] suggesting a paracrine mechanism of prolactin regulation. Further studies are necessary to understand the role of adreno-medullin on prolactin regulation. Studies employing electrophysiological studies will facililate our understanding of adrenomedullin action on prolactin regulation.
